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ABSTRACT
The putative detection of phosphine in the atmosphere of Venus at an abundance of ∼ 20 ppb
suggests that this gas is being generated by either indeterminate abiotic pathways or biological
processes. We consider the latter possibility, and explore whether the amount of biomass required to
produce the observed flux of phosphine may be reasonable. We find that the typical biomass densities
predicted by our simple model are several orders of magnitude lower than the average biomass density
of Earth’s aerial biosphere. We briefly discuss how small spacecraft could sample the Venusian cloud
decks and search for biomarkers. On account of certain poorly constrained variables as well as the
heuristic nature of our model, the results presented herein should be viewed with due caution.
1. INTRODUCTION
It has been more than half a century since Morowitz
& Sagan (1967) speculated about the prospects for life
in the Venusian atmosphere based on its clement con-
ditions compared to the surface; this milieu was briefly
pointed out earlier by Sagan (1961).1 After these pio-
neering papers, a number of studies have posited that
the cloud layer of Venus situated at ∼ 50 km above
the surface constitute promising habitats for life be-
cause of their moderate pressures and temperatures,
sufficient protection against radiation and high-energy
particles, and ostensibly adequate energy and nutrient
sources (Grinspoon 1997; Schulze-Makuch et al. 2004;
Grinspoon & Bullock 2007; Dartnell et al. 2015; Schulze-
Makuch & Irwin 2018). On the other hand, a number
of significant obstacles would have to be overcome by
Venusian lifeforms such as combating acidity and main-
taining osmoregulation (Cockell 1999).
There have been a number of notable developments
in the realm of Venusian astrobiology over the past few
years. Three-dimensional climate simulations suggest
that Venus may have retained surface water and habit-
able conditions until ∼ 0.7 Ga (Way et al. 2016; Way &
Del Genio 2020), thereby providing an interval of nearly
4 Gyr for abiogenesis to occur. The presence of strong
ultraviolet absorbers in the Venusian atmosphere (whose
origin remains unknown) has been long conjectured to
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1 The notion of the “atmospheric habitable zone” has been ex-
tended to gas giants and brown dwarfs (Shapley 1967; Sagan &
Salpeter 1976; Yates et al. 2017; Lingam & Loeb 2019, 2021).
arise from microbial activity (Grinspoon 1997), and this
premise was extensively investigated in light of recent
observational data and theoretical modeling by Limaye
et al. (2018). A detailed assessment of the habitabil-
ity of the Venusian atmosphere was presented in Seager
et al. (2021), where a life cycle for the putative Venu-
sian microbes was also proposed. Izenberg et al. (2020)
developed a broad framework akin to the famous Drake
equation (Drake 1965), and concluded that the proba-
bility of extant life on Venus is . 10%.
Despite these promising theoretical analyses, no po-
tential gaseous biomarkers were identified in the Venu-
sian atmosphere. In September 2020, however, Greaves
et al. (2020) reported . 15σ detection of phosphine,
regarded as a candidate biosignature gas (Sousa-Silva
et al. 2020), at a concentration of ∼ 20 ppb in the
Venusian cloud decks. The authors examined a num-
ber of abiotic pathways and came to the conclusion that
no such known pathway is capable of reproducing the
observed abundance (Greaves et al. 2020; Bains et al.
2020). Hence, if the detection of phosphine holds up to
further scrutiny, there are two key possibilities to con-
sider: either it is being generated by an unknown abiotic
pathway or due to biological functions.
In this Letter, we examine the feasibility of the latter
scenario, namely, that the detected phosphine is origi-
nating from metabolic processes. We examine the con-
straints on the hypothetical metabolic pathways in Sec.
2, the possible biomass and average biomass density in
Sec. 3, and the prospects for in situ detection in Sec. 4,
where we also discuss some of the model limitations.
2. METABOLIC CONSTRAINTS
We will describe a heuristic procedure for determin-
ing the biomass that adopts the methodology delin-
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Figure 1. The Gibbs free energy (in kJ/mol) versus the
power required for survival per cell (in W). The shaded region
underneath the solid line demarcates the potentially allowed
parameter space.
eated in Seager et al. (2013, Section 3) - see also Sholes
et al. (2019) and Lingam & Loeb (2020) - for the so-
called Type I biosignatures, which are produced when
organisms extract their energy for sustenance from re-
dox chemical gradients. The biomass in the temperate
region (Mbio) can be loosely estimated as follows:
Mbio ∼ Mcell ∆Gr ΦrA
Pcell
, (1)
where Mcell and Pcell denote the characteristic mass and
“survival” power sensu lato of a generic putative mi-
crobe, respectively, ∆Gr embodies the Gibbs free energy
associated with the postulated metabolic pathway that
leads to phosphine generation, Φr is the globally inte-
grated production flux of phosphine over the cloud layer
(which is inferred from observations), and A ≈ 4piR2 is
the total cross-sectional area, where R ≈ 0.95R⊕ is the
radius of Venus. We caution that (1) has been applied in
the context of exergonic (thermodynamically favorable)
reactions, but we have no real data to assess whether
this condition holds true on Venus. Given, however,
that the reduction of phosphate to phosphine is theo-
retically feasible at moderate temperatures and acidic
environments (Bains et al. 2019, Table 9), it is conceiv-
able that (1) might be applicable to the Venusian cloud
decks (Bains et al. 2020, Figure 10).
Of these parameters, A is known, and the maximal
production flux was estimated to be Φr ∼ Φ0 ≡ 10−13
mol m−2 s−1 by Greaves et al. (2020). We are still
left with a number of unspecified parameters. In or-
der to proceed further, a couple of additional simpli-
fying assumptions are required. It is unlikely that mi-
crobes could exist in the “open” for a variety of rea-
sons, the most prominent of which is desiccation (Cock-
ell 1999; Seager et al. 2021). Hence, we will presume
that the phosphine-producing microbes are embedded
in droplets. Let us denote the average number den-
sity of droplets with sizes greater than > 0.2µm by ηd,
where this limit was chosen to preserve compatibility
with theoretical biophysical constraints as well as em-
pirical data (Knoll et al. 1999; Luef et al. 2015; Ander-
sen et al. 2016). We will further presume that a fraction
fbio of the droplets are inhabited by living microbes, and
that the mean number of microbes per droplet is ζbio.
In this case, the biomass is roughly given by
Mbio ∼ ηd fbio ζbioMcellAH, (2)
where H represents the height of the potentially hab-
itable zone. Note that V = AH is the volume of this
region. It is not unreasonable to assume that ζbio ∼ 1
because the majority of particles in the temperate cloud
layer are . 1 µm (Knollenberg & Hunten 1980; Limaye
et al. 2018). By equating (1) and (2), we end up with
∆Gr Φr ∼ ηd fbio ζbio PcellH. (3)
By utilizing the simple inequality fbio ≤ 1, the above
equation can be rewritten to yield
∆Gr
Pcell
. 3× 1025 mol−1 s ζbio
( H
10 km
)
×
(
ηd
η0
)(
Φr
Φ0
)−1
, (4)
where η0 ≡ 3 × 108 m−3. We have normalized ηd as
per Limaye et al. (2018, Section 4) and H in accordance
with Cockell (1999); Seager et al. (2021); Greaves et al.
(2020). An important point worth mentioning here is
that the variables on the right-hand-side (RHS) of this
inequality are ostensibly constrained to within an or-
der of magnitude of their fiducial values, whereas those
manifested in the left-hand-side (LHS) are unknown and
therefore poorly constrained.
We have plotted this LHS in Fig. 1, while holding the
parameters on the RHS fixed and making the conserva-
tive choice of ζbio ∼ 1. The region lying below the solid
line identifies the allowed parameter space. We have
chosen the minimum power per cell to be Pmin ≡ 10−21
W based on the synthesis of state-of-the-art theoreti-
cal models and empirical data (LaRowe & Amend 2015;
Bradley et al. 2020). From this figure, we see that all
values of Pcell yield constraints on the Gibbs free energy
that might be satisfied by the conjectured metabolic
pathway. For instance, when we consider the extreme
limit of Pcell ∼ Pmin W, we require ∆Gr . 30 kJ/mol
to hold true. This condition does not seem implausi-
ble a priori, although further research on biochemical
pathways involving phosphine production is clearly nec-
3essary.2 Increasing Pcell by a couple of orders of mag-
nitude evidently raises the upper limit on ∆Gr by the
same factor, thereby making the fulfillment of this cri-
terion a relatively easier task.
3. POTENTIAL BIOMASS AND BIOMASS
DENSITY
We remark that prior publications have sought to esti-
mate the mass of the Venusian aerial biosphere by devel-
oping analogs of (2) via mass-loading calculations (Li-
maye et al. 2018). We will, instead, draw upon Seager
et al. (2013, Equations 11-15) and construct the ana-
log of (1) for the biomass and the average biomass den-
sity (ρbio), under the assumption that the organisms are
mixed throughout the region of height H. The potential
biomass Mbio is expressible as
Mbio ∼ ∆Gr ΦrAC exp
(
Ea
RT
)
, (5)
where T could be envisioned as the mean temperature in
the region where the majority of the biomass is concen-
trated, while C and Ea are the survival power per unit
biomass and Ea is the activation energy, respectively;
note that R is the gas constant. Neither of the latter two
parameters are known for extraterrestrial lifeforms, ow-
ing to which it is necessary to suppose that their typical
values are similar to those on Earth. This assumption
might be valid for carbon- and water-based life, but it
is probably inaccurate for exotic forms of life.
For a generic anaerobic metabolic pathway, taking
our cue from the fact that the Venusian atmosphere is
mostly devoid of molecular oxygen, we obtain
Mbio ∼ 2.1× 10−9 kg
(
∆Gr
1 kJ/mol
)(
Φr
Φ0
)
×
( C
C0
)−1
exp
[
8347
T
(
Ea
E0
)]
(6)
where C0 ≡ 2.2× 1010 kJ kg−1 s−1 and E0 ≡ 6.94× 104
J mol−1 (Tijhuis et al. 1993). Next, we calculate ρbio =
Mbio/V, thereby leading us to
ρbio ∼ 4.5× 10−28 kg m−3
(
∆Gr
1 kJ/mol
)(
Φr
Φ0
)
×
( C
C0
)−1( H
10 km
)−1
exp
[
8347
T
(
Ea
E0
)]
.(7)
We have plotted (6) and (7) in the left and right panels
of Fig. 2. In both panels, the temperature range was
chosen based on Limaye et al. (2018, Section 4) and the
upper bound for the Gibbs free energy was truncated at
2 As a point of comparison, the Gibbs free energy corresponding
to anaerobic pathways like sulfate reduction and methanogenesis
can attain similar values (Hoehler et al. 2001).
103.5 kJ mol−1, because exergonic reactions within cells
on Earth rarely exceed this value (Cooper 2019). Even
under the most optimal conditions specified in the figure,
we end up with Mbio ∼ 4× 107 kg and ρbio ∼ 10−4 mg
m−3. Both of these estimates are not unrealistic prima
facie, in view of the harsh physicochemical conditions
prevalent in the Venusian cloud decks. Furthermore, by
comparing (6) with (2) for our fiducial choices, we find
that fbio < 1 is likely to be fulfilled.
By drawing upon the measured density of aerosols in
the layer, Limaye et al. (2018) suggested that a biomass
density of ρV ∼ 0.1-100 mg m−3 was plausible for Venus,
whereas Earth’s aerial biosphere is characterized by an
average density of ρ⊕ ≈ 44 mg m−3. It is thus appar-
ent that our results are much smaller than these values,
which indicates at the minimum that our predictions are
compatible with the upper limits from past studies. It
must be recognized, however, that our estimates for ρbio
were solely for hypothetical microbes that give rise to
phosphine. In the same vein, if we repeat the analysis
for Earth using (7), we would end up with ρbio  ρ⊕.
This “discrepancy” is along expected lines, because the
majority of Earth’s aerial biomass is not sustained by
metabolic pathways producing phosphine.
We can adopt a different strategy and compute the
upper bound on the biomass (Mmax) by making use of
(1) and adopting Pcell ≈ Pmin for this purpose. We can
compute Mcell by noting that most of the particles in
the cloud decks have a diameter of 0.4 µm (Knollenberg
& Hunten 1980). If roughly 50% of the volume of the
droplet contains the microbe, which has a density close
to that of water, we obtain a mass of ∼ 1.7 × 10−17
kg. This cell mass is nearly identical to the average cell
mass of M0 ≡ 1.4 × 10−17 kg in sediments beneath the
seafloor (Kallmeyer et al. 2012). By substituting these
numbers in (1), the maximal biomass is estimated to be
Mmax ∼ 6.4× 108 kg
(
∆Gr
1 kJ/mol
)
×
(
Mcell
M0
)(
Φr
Φ0
)(
Pcell
Pmin
)
. (8)
As a benchmark, Earth’s total biomass - which in-
cludes the aerial, surface and subsurface components -
isMtot,⊕ ∼ 1015 kg (Bar-On et al. 2018), after applying
the conversion from organic carbon content to biomass
(Ma et al. 2018). The maximum biomass density (ρmax)
derived from (8) is given by
ρmax ∼ 1.4× 10−4 mg m−3
(
∆Gr
1 kJ/mol
)(
Mcell
M0
)
×
(
Φr
Φ0
)(
Pcell
Pmin
)( H
10 km
)−1
. (9)
If we specify ∆Gr ∼ 102 kJ/mol in (9), we obtain
ρmax ∼ 10−2 mg m−3. Upon comparing this value
against ρV and ρ⊕ mentioned earlier, it is apparent that
4Figure 2. Left panel: potential biomass present in the aerial biosphere (in kg). Right panel: possible biomass density in the
biosphere (in mg m−3). In both panels, the vertical axis depicts the characteristic temperature (in ◦C) of the temperate layer,
while the horizontal axis quantifies the Gibbs free energy (in kJ mol−1) for the phosphine pathway. Note the logarithmic scale
on the horizontal axis, e.g., the location 2.0 is equivalent to 100 kJ mol−1.
ρmax is orders of magnitude smaller than either of the
latter duo. We reiterate that this is compatible with
prior publications, because we have only examined the
constraints on biomass imposed by one specific (and pos-
sibly marginal) metabolic pathway.
In closing, we note that Mmax and ρmax are likely to
overestimate the actual biomass and biomass density as-
sociated with this pathway by at least a few orders of
magnitude. The main reason is that, even in energy-
limited environments on Earth such as sediments be-
neath the seafloor, only a minuscule fraction (∼ 0.02%)
of microbes are capable of functioning at the minimal
power of Pcell ≈ Pmin (Bradley et al. 2020). In addition,
at the typically warm temperatures of the cloud layer,
the basal power requirements are likely to be enhanced.
4. DISCUSSION
In conclusion, we will describe some of the primary
drawbacks of our modeling, and briefly explore the im-
plications for future life-detection missions to Venus.
4.1. Limitations of the model
Here, we explicate some of the salient drawbacks of the
models utilized. To begin with, the framework is appli-
cable only when phosphine constitutes a metabolite in
an exergonic process entailing the exploitation of chemi-
cal energy. If phosphine is generated through alternative
biological processes (e.g., phototropy), the methodology
would be rendered invalid. Furthermore, the estimates
for the biomass, namely (1) or (5), implicitly operate un-
der the premise of maximal efficiency. Due to the costs
incurred by spillover reactions, ceteris paribus, these for-
mulae probably overestimate the biomass to an extent.
In the course of deriving the order-of-magnitude esti-
mates for the relevant quantities, we ignored the spatial
and temporal variability of the model parameters as well
as absence of reliable knowledge (e.g., Gibbs free energy)
in some instances; to bypass this issue, we drew upon
Earth-based data, but this approach is not guaranteed
to yield accurate results. Moreover, our treatment was
exclusively centered on thermodynamic considerations,
which makes the absence of kinetics more conspicuous
in view of its undoubted importance. Future studies
are needed to evaluate the rate laws for the appropriate
metabolic reactions, while assimilating thermodynamic
effects in a self-consistent fashion (Jin & Bethke 2007).
Another crucial point deserves to be underscored
here. The calculations pertaining to the biomass (or the
biomass density) were exclusively predicated on putative
biochemical pathways leading to phosphine production.
In other words, Mbio merely quantifies the amount of
biomass that is linked with phosphine-generating mi-
crobes. Thus, it is not the same as the total biomass,
the latter of which may comprise organisms that func-
tion via other metabolic pathways. To take the exam-
ple of Earth, the maximum local flux of phosphine is
∼ 2 × 10−12 mol m−2 s−1 in specialized environments
(Sousa-Silva et al. 2020), whereas the net global flux of
O2 added to the atmosphere by oxygenic photosynthe-
sis by way of carbon burial is ∼ 6× 10−10 mol m−2 s−1
(Holland 2002). It is plausible, by the same token, that
the total biomass on Venus might exceed our phosphine
calibrated biomass Mbio by orders of magnitude.
Lastly, we emphasize that the preceding analysis ex-
amined a hypothetical scenario in which the phosphine
was being engendered due to biogenic activity. If future
observations, laboratory experiments or numerical mod-
5eling demonstrate that the detection of phosphine was
spurious or that it can be produced by abiotic processes,
naturally our discussion will be rendered irrelevant. On
account of the preceding caveats, it is necessary to inter-
pret our results with the appropriate degree of caution.
4.2. Sampling the Venusian atmosphere
A number of prospective biomarkers have been iden-
tified and extensively analyzed in the context of life-
detection missions (Summons et al. 2008; Chan et al.
2019; Neveu et al. 2020). Notable examples in this cat-
egory include, inter alia, enantiomeric excess in amino
acids and sugars, polymers composed of nucleotides or
amino acids or with repeating charges in the scaffolding,
and distinct depletion of carbon and nitrogen isotopes.
Let us suppose that a fraction  of the biological mat-
ter (organic detritus or microbes) survives contact with
the probe(s) equipped with instrumentation for in situ
explorations. The mass of viable material (Mv) that is
collected over a time ∆t by a probe of cross-sectional
area Ap and travelling at relative speed vp in the hori-
zontal direction is consequently expressible as
Mv ≈  ρbioAp vp ∆t. (10)
Hence, given a rough estimate of ρbio and the desired
Mv, it is feasible to tune the mission design parame-
ters accordingly. The magnitude of vp depends on both
the fuel costs incurred by braking as well as the type of
instrumentation and biomarkers being sought. For ex-
ample, in the case of impact ionization mass spectrom-
eters, speeds of vp ∼ 4-6 km s−1 are probably optimal
(Klenner et al. 2020). One other key physicochemical
constraint becomes crucial at high speeds. The bond
dissociation energies of many chemical bonds and or-
ganic molecules in particular are of order 100 kcal/mol
(Blanksby & Ellison 2003; Luo 2007), which translates
to ∼ 4 eV/bond. This value corresponds to the kinetic
energy associated with a nucleon moving at ∼ 28 km
s−1. At higher speeds, scooping material with a hard
surface could break molecules upon impact and heat the
impacting material to thousands of degrees Kelvin, thus
“burning” any traces of biogenic material.
When it comes to Ap, one can either deploy a large
number of small spacecraft akin to the Sprites on board
the KickSat-2 satellite,3 or a few large spacecraft. Min-
imizing the probe size permits dispersal over a larger
area, but comes at the cost of reduced flexibility vis-a`-vis
instrumentation. We will appraise the former strategy
and adopt the fiducial value of Ap ∼ 0.01 m−2, because
miniature mass spectrometers are characterized by sim-
ilar cross-sectional areas (Ouyang & Cooks 2009). By
plugging these values in (10), we duly end up with
Mv ≈ 18 mg
( 
0.01
)( ρbio
0.01 mg m−3
)
×
(
Ap
0.01 m2
)( vp
5 km s−1
)( ∆t
1 hr
)
, (11)
where the normalization for ρbio is taken to be ρmax
calculated below (9). For many biosignature candidates,
in situ missions require the retrieval of ∼ 1 g of material
in total (Neveu et al. 2020, Table 3), of which only a
minuscule fraction is actually biological in nature. It
is plausible, therefore, that small spacecraft which are
functional for a few hours may possess the capacity to
detect biomarkers in the Venusian cloud decks.
It should be recognized, however, that our analysis is
heuristic. Among other factors, it did not rigorously in-
corporate the constraints imposed by the environment
(e.g., turbulence), instrument sensitivity and efficiency,
and the optimal sampling of biotic material. What it
does indicate, however, is that life-detection missions
might yield meaningful results even if the density of mi-
crobes in the Venusian atmosphere is orders of magni-
tude smaller than Earth’s aerial biosphere. Hence, the
importance of carrying out detailed engineering studies
that fulfill the desired scientific objectives is evident.
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